The purpose of this paper is to review the current state of development of new materials for advanced aircraft and aerospace engines.
Introduction
Historically, the development of the Ni-base superalloys has been integral to the improvements in efficiency and performance of gas turbine engines. These improvements, as measured by the creep-rupture strength of turbine blade materials, have increased at a relatively steady pace of approximately 1OO'C per decade since the 194O's(1,2). These improvements have been achieved through a synthesis of design, process, and alloy development combined with a strong need for improved jet engine performance.
It has now been 20 years since John Tien speculated at this conference on the "Celestial Limits" of superalloys (3) . It is a tribute to superalloys that for the most part the alternatives to superalloys are still discussed in terms of 'potential ' and 'barrier problems' rather than with stories of successful introduction into engines. Although improvements in superalloy properties and design concepts continue to increase engine performance and reliability, it is apparent that the physical limits of melting temperature and density of Ni will eventually limit engine performance. The needs for improved performance are still present, and new materials can provide improvements ranging from economic and performance benefits upon direct substitution, to cases where the new materials are enabling technologies, i.e., essential for a vehicle concept to be feasible.
The DOD and NASA have several programs actively investigating the development of alternative materials.
Although these programs are frequently examining similar material systems, they are focussed on different vehicles and thus have different requirements for the engine materials, as summarized in Figure 1 . Turbine materials in the Space Shuttle Main Engine are required to withstand severe thermal shocks plus exposure to hydrogen, but desired life is on the order of 50 hours (4) . Hypersonic vehicles such as the National Aerospace Plane (NASP) also require high temperature materials with a resistance to a hydrogen environment, but material lifetimes for this demonstration vehicle are also short (5) . The needs of advanced military planes are being addressed in the Integrated High Performance Turbine Engine Technology (IHPTET) program, and tend to emphasize higher temperatures and stresses but with relatively short lives, on the order of hundreds of hours(d).
In contrast, commercial subsonic aircraft place a heavier emphasis on longer lives and fuel efficiency.
A study of 21Se century subsonic transport using ultra-high bypass turbofan engines has predicted significant benefits from the use of advanced materials (7) . The schematic diagram in Figure 2 promise for such design concepts.
Finally, the issue of economic viability translates not only to production costs, a major problem with advanced materials, but also to extended service lives, on the order of 18,000 hours of hot section life.
One strength of superalloys is that they possess a balance of the many properties required for engine application, Figure 3 . The primary monolithic structural ceramics for heat engines are Sic and Si,N,.
In both materials large gains have been made in net shape fabrication capability, strength, creep resistance and fracture toughness(lO,ll). Sic fracture toughness has been raised from about 3 to about 6 MPa-./m by alloying (12) .
S&N, fracture toughness has been increased from levels of about 6 to about 10 MPa-Jrn by growth of elongated, interlocking Si,N, grains during the sintering process(l3).
The primary applications for monolithic ceramics as structural gas turbine engine components are in small automotive and stationary gas turbines.
In the consumer cost-driven automotive market, it is clear that superalloys cannot be applied from a cost standpoint even if superalloys with adequate properties could be developed to withstand the 1300-1400°C material temperatures required for efficiency in the absence of cooling. Currently, ceramics are capable of being fabricated with properties that meet design requirements.
Design methodology, testing and joining capabilities are sufficient to build and run a ceramic gas turbine rotor for 100's of hours (ll,l4) and demonstration of the required 3500 hour life is forthcoming.
Thus the next very major hurdle to be overcome is that of a tenfold cost reduction via economies in raw materials, fabrication, and machining.
The DOE is taking the initiative in these areas.
Spin-offs from the automotive gas turbine developments are also being pursued in areas where material cost is less of a driver. Potential applications include auxiliary power units (15) and small gas turbine engines for propulsion and stationary power.
Numerous successful rig and engine tests have been accomplished(lO,ll).
In these instances, ceramics can provide a significant upgrade in the performance and durability of small components, where risk is manageable and cooling is impractical or inefficient.
In aerospace systems, the fracture and reliability characteristics of monolithic ceramics and discrete particle-toughened ceramics limit their applications.
Improved statistical reliability in as-fabricated materials is insufficient to assure the reliable performance of system components in service.
The required functional reliability can be achieved by the use of fiber reinforcement to impart a 'graceful failure' characteristic to ceramics (16, 17) .
Graceful failure implies that matrix fracture can occur, but fibers bridge these cracks and continue to bear the structural loads. This bridging is expected to be optimized by the use of small diameter fibers, along with a fiber interface that is sufficiently strong for load transfer between fiber and matrix, yet sufficiently weak to deflect cracks from propagating from the matrix through fibers. The use of fibers that are stiffer and stronger than the matrix results in first fracture of the matrix at composite stress and strain levels beyond that of the unreinforced ceramic matrix.
The first matrix fracture strength is often viewed as being 333 analogous to the yield point in metals, and the design allowable strength can be based on some fraction of this value. (42) .
However, this also raises the DBTT from approximately 1000°C to over 13OO'C. Thus, this silicide should be more accurately compared to Si-based ceramics, where MoSi, is at a disadvantage in terms of density, oxidation, and strength but may have advantages in thermal conductivity and processability. Ductile phase reinforcement with refractory metal fibers has been successful in improving toughness values by over two orders of magnitude (43) , although the issues of protecting the fibers from oxidation and from reaction with the matrix remain, especially for long life applications.
A&O, has a matching CTE and is therefore an excellent choice for reinforcing MoSiz (44) .
Historical Persnective
It is also of interest to place the development of new materials in a historical context and to compare with some recent examples of introductions of new technology.
The Ni-base superalloys have seen continuous improvement for over 50 years and even with this broad experience base, it is still common to have a ten year period between the invention of a new alloy and its entry into service.
With new, more unforgiving materials, longer times are needed for design integration and process scale-up. In the case of ceramics, the 'perfect' material has yet to be invented in over 20 years of research, yet in many cases the advantages of the ceramics can still be exploited by new design concepts. Comparatively, the intermetallics have just started to be examined. Early work in the 50's and 60's on MoSi, and NiAl was discontinued, and was only reinstated in the mid-80's. The exception to this is the Ti aluminides, which have seen more steady development since the 70's and not coincidentally are the closest to application. Given this time frame, it is not surprising that advanced materials have not achieved much success to date.
Given the current increases in world-wide competition in the aerospace industry, however, there is even more pressure to reduce the time necessary for introduction of new technology (45) .
In the case of oxide dispersion strengthened(ODS) alloys, the history (46) can be traced back to the first two decades of this century, when dispersion strengthened W wires were developed, and also the beneficial effects of elongated grain structures were first demonstrated.
Although TD-336
Ni was developed in the 1950's by DuPont, it was not until the development of mechanical alloying (47) in the 1960's that ODS Ni alloys became a serious competitor as an engine material. Today, however, ODS alloys play a relatively minor role in jet engines, especially as a turbine blade material. This has been traced to at least three reasons (48 There has also been some tendency to wind down the exploratory research where large numbers of materials are surveyed and to focus on fewer materials with more promise.
As always, the difficult decisions revolve around the questions of how to evaluate 'potential ' and how to focus finite resources.
